Vehicle weight reduction, reduced costs and improved safety performance are the main driving forces behind material selection for automotive applications. These goals are conflicting in nature and solutions will be realized by innovative design, advanced material processing and advanced materials. Advanced high strength steels are engineered materials that provide a remarkable combination of formability, strength, ductility, durability, strain-rate sensitivity and strain hardening characteristics essential to meeting the goals of automotive design. These characteristics act as enablers to costand masseffective solutions. The ULSAB-AVC program demonstrates a solution to these conflicting goals and the advantages that are possible with the utilization of the advance high strength steels and provides a prediction of the material content of future body structures.
INTRODUCTION
The ULSAB-Advanced Vehicle Concepts (AVC) Program focused on the development of steel applications for vehicles for the year 2004 and beyond. In its execution, concepts were developed for the popular European C-Class, or so-called Golf Class, and the North American Midsize Class (see Figure 1) , which is the target for the PNGV program, hereafter referred to as PNGV-Class vehicle. Therefore, the vehicle body structures employ the unique advantages of advanced steel grades, which provide heightened strength with excellent part forming. ULSAB-AVC vehicle body structure uses 100 percent high-strength steel grades, of which over 80 percent are advanced high-strength steels. These steels are combined with the most advanced manufacturing and joining technologies to achieve the structurally efficient designs and safety features found in ULSAB-AVC concepts.
Key to reaching the program objectives was meeting anticipated 2004 crash requirements with steel, achieving the delicate balance of mass efficiency without a compromise to safety.
The resulting Midsize Class vehicle concept has a mass of less than a 1000 kg and has the capability of achieving a five-star safety rating. It also approaches the PNGV target mileage by achieving 68 miles per gallon in the combined U.S. Driving Cycle and 78 miles per gallon highway. With high-volume manufacturing of 225,000 units per year, the AVC concept would not cost more to manufacture than comparable family sedans. Benchmarking data indicate that the Midsize Class ULSAB-AVC concept vehicle selling price would be below the selling price of current vehicles in the same class.
The ULSAB-AVC is the most recent addition to the global steel industry's series of initiatives offering steel solutions to the challenges facing automakers around the world today. It succeeds ULSAB [1, 2] , ULSAC [3] and ULSAS [4] .
The ULSAB-AVC concepts revolutionize the kinds of steels normally applied to vehicle architectures, as well as demonstrating cutting edge steel vehicle design. In addition to extensive use of advanced steels, ULSAB-AVC features a full spectrum of the latest steel technologies, including tailor welded blanks, tailored tubes, advanced joining techniques and tube and sheet hydroforming.
This project was envisioned by the collaborative efforts of 33 international steel producers forming the ULSAB-AVC Consortium. This concept, engineered by Porsche Engineering Services, Inc., Troy, Michigan, USA, brings the potential for safe, affordable, fuel efficient vehicles, which are environmentally responsible, to near-term reality. Detailed information on ULSAB-AVC can be found in reference [5, 6] .
BODY STRUCTURE EVALUATION
The influence of AHSS grades on an entire body structure is difficult to assess. It is not possible to make a direct comparison of the entire body structure designed to the same criteria. A comparison made between the ULSAB-AVC (PNGV class) and the ULSAB body structures is very similar to the challenge placed on current automotive designs. For the purposes of this comparison one can consider the ULSAB-AVC to be a redesign of the ULSAB. The ULSAB-AVC program was distinctly different from the preceding ULSAB program as described below: ULSAB This comparison is unique from the challenge typically place on the automotive designer in that both design programs are provided the luxury of starting from a clean sheet of paper and are not hampered with the constraints of modifying a previous design. This section of the paper provides a comparison between the body structure of the ULSAB-AVC (PNGV) and the ULSAB program. A comparison is made between the vehicle size, crash performance targets, materials utilized and the corresponding body structure mass and cost. Figure 1 provides a comparison of the overall body sizes and general internal packaging targets. The total length of the body structures are nearly identical. However, as is typically required of new designs to reduce air drag and improve fuel economy, the frontal area is reduced by reducing the width and height of the vehicle with a more streamlined shape to provide a predicted drag coefficient of .25. The reduction in external dimension is accompanied with an increase in internal passenger and cargo space. This complicates the design by reducing and restricting available package space for the body structure and reducing the available space for crush zones required to satisfy the crash performance targets.
The difficulties placed upon the designer to satisfy the crash performance requirements with reduced packaging space are further exacerbated with the requirement to satisfy more severe crash events. The influence of Government mandates, the insurance industry and internal marketing strategies require the designer to satisfy increasingly severe crash environments with the expectation that the passenger survives these events with a reduced chance of injury. crash requirements. This challenges the automotive designer to satisfy a greater range of crash event. This scenario is represented by the crash target comparison between ULSAB and ULSAB-AVC. Figure 2 describes the crash targets for the ULSAB and ULSAB-AVC. In all cases, the requirements placed on the ULSAB-AVC body structure are dramatically more demanding than those required of the ULSAB. For example, to meet the side impact requirements of ULSAB-AVC, the side structure must mitigate the intrusion velocity of a 1370 kg trolley moving at 38.5 mph to 15 mph (7m/sec) in the distance between the outside of the car and the passenger. In comparison, the ULSAB targets require reduction of the intrusion velocity of a 950kg trolley moving at 31 mph to 18 mph (8 m/sec) in the same space. The energy of impact placed on the side structure of the ULSAB-AVC is 285% that placed on the ULSAB side structure. These differences are dramatic and, without exception, each crash scenario shown in Figure 2 is significantly more difficult to satisfy for the ULSAB-AVC than for the ULSAB. Consequently, it can be expected that these differences in crash requirements will significantly impact the mass and cost of the vehicle structure. However, this increased body structure performance must be accomplished while minimizing the body structure weight and cost. This is the challenge placed on today's automotive designers. This paper presents a solution to this challenge with the effective application of advance high strength steels Figure 3 provides a comparison of the materials utilized in the ULSAB and the ULSAB-AVC. The plot provides a comparison of the percent of the body structure manufactured from each grade for both the ULSAB and ULSAB-AVC.
ULSAB design is fabricated from grades in the 340 MPa to 450 MPa tensile strength range. The ULSAB-AVC utilizes a greater range of material grades but has over 50% of its body structure fabricated from grades with tensile strength between 800 MPa and 1000 MPa. The increased tensile strength correlates to increased crash energy absorption capability. Had the two structures been designed to achieve the same crash targets, it is anticipated that significant mass saving would have been realized. However, because the ULSAB-AVC design must meet more stringent crash requirements, the mass of the body structure is greater. The mass of ULSAB is 203 kg compared to 218 kg required in the ULSAB-AVC body structure. The mass of the ULSAB-AVC would have been significantly greater had AHSS not been utilized as a lightweight enabler.
The cost of the steel used in the body structure is an additional factor of critical concern. Based on this figure, it is anticipated that the material costs of the ULSAB-AVC will be higher than those for the ULSAB body structure. The higher overall material costs of the ULSAB-AVC are based on the extra 15 kg within the body structure and on the relative costs of each of the grades utilized in ULSAB-AVC. 
COST ASSESSMENT
The structural requirements of the ULSAB-AVC indicate a need for additional mass in the body structure and the use of higher grades and, therefore, more expensive sheet steel. This leads to an initial consideration that the materials cost of the ULSAB-AVC will be greater than its predecessor. However, materials costs are only a small part of the story. The use of higher strength steels in the ULSAB-AVC design resulted in a complete redesign of the vehicle, with a particular emphasis on the body structure and closures. Despite the increased structural requirements, the number of reinforcements were reduced and thus overall major body part counts dropped from 96 components in ULSAB to only 81 components in ULSAB-AVC. Consequently, one would expect that the cost of transforming sheet steel into parts and then assembling the parts into a complete structure will decrease, potentially offsetting the increased cost of materials.
While design changes focused on the body structure and closures, they were not limited to these areas. A redesign of the entire vehicle was conducted in order to achieve improvements in other areas, such as aerodynamic performance and powertrain efficiency. Each of these changes carries a cost implication as well, and therefore it is insufficient to address only the changes to the materials in the body structure.
In order to understand the cost position of the advanced ULSAB-AVC design, it was necessary to evaluate the implication of changes throughout the vehicle. A cost assessment tool was constructed to address the costs of all major vehicle subsystems.
To understand the detailed costs involved in the production of a modern vehicle is an enormous undertaking, which requires explicit details of the vehicle design as well as considerations of the manufacturer's relationships with all of its suppliers. This level of detail was unavailable to the ULSAB-AVC design team. Furthermore, such a detailed analysis was considered to be unjustified, since exact engineering descriptions of many of the components did not need to be specified in order to determine the feasibility of designing a lightweight steel vehicle.
As a result, the cost assessment took an approach that matched the level of detail in the cost analysis with the level of design detail provided for the vehicle. Many aspects of the vehicle were designed in great detail in order to fully demonstrate the feasibility of the approach. Most notably, these included the vehicle body structure and closures.
The cost assessment of these subsystems involved detailed modeling of the costs of component fabrication and assembly.
Other subsystems were considered to be largely unchanged from the standard vehicles of today. In these cases, industry cost data was gathered and used to provide an estimate for these costs.
A new tool was developed to assess the cost of the ULSAB-AVC design. This tool relied heavily on the cost analysis methods used in the previous ULSAB program, but added the ability to analyze costs for subsystems throughout the complete vehicle. Analysis of the body structure and closures was done in much the same way as in ULSAB and relied heavily on the technical cost modeling approach to derive the costs of the fabrication of each component as well as the assembly of those components into a complete body structure.
The remaining vehicle components were assessed, using generic industry cost data, supplier quotes and automaker assessments for individual components as well as complete vehicle subsystems. Finally, the vehicle paint and general assembly (trim line) processes were evaluated, using technical cost modeling principles, but assuming industry average data for these activities.
BODY STRUCTURE & CLOSURES
The cost analysis effort focused on understanding the costs of the body structure and closures. The main idea behind the ULSAB-AVC program was to achieve a lightweight, environmentally friendly vehicle using a steel body structure and, thus, most of the design detail was provided in these areas. The cost assessment approach used detailed technical cost modeling to understand the cost of manufacturing every part in the body structure as well as the cost of assembling these into a final structure.
In terms of parts fabrication, body structure components were designed to be produced by a variety of metal forming methods. These are sheet metal stamping (including the use of tailored blanks), tubular hydroforming, sheet hydroforming and roll forming. Technical cost models were developed for each process (except roll forming, where the limited number of inexpensive parts did not justify this effort) and were applied to the parts in the body structure and closures. For each part, design information was used to estimate the complete set of processing conditions. Experts in each of these areas were asked to evaluate the process requirements and modeling methods were used to ensure that these estimates were accurate and to determine the cost implications.
For assembly, design details were provided concerning the type of joining method (for example spot welding, laser welding, adhesive bonding, etc.). A technical cost model was constructed which addressed the specific requirements of accomplishing each of the relevant methods of attaching the components. The method was applied to the entire body assembly tree to determine an estimate of the body construction assembly line layout, including the equipment and manpower requirements.
This information was then used to determine the total cost of assembly for the body structure.
OTHER COMPONENTS
The costs for the remainder of the components of the vehicle were typically evaluated in far less detail. Those components that were considered critical to achieving the goals of the lightweighting program using steel were modeled in detail, using the technical cost modeling approach. However, these were limited to a few parts made from sheet steel in such applications as the bumpers and seat supports.
For the remainder of the vehicle, a complete list of subsystems and components was generated and cost data gathered from a variety of industry sources (suppliers, automakers, trade literature, etc.). This analysis did not consider the details of every individual component in the vehicle, but in some cases addressed the costs of complete subsystems. A database was established which could accurately track the costs of subsystems and components at different levels of aggregation. For example, the database might contain the cost of the entire powertrain subsystem, or might have the costs of the engine and transmission subsystems separately, or might further break these down into individual engine and transmission components.
In all, the database considers four different levels of parts aggregation, allowing the users to input cost estimates for individual or small groups of parts as well as a single cost estimate for an entire subsystem. The database was specifically designed to allow this feature and still avoid the double counting which would accompany the specification of costs at multiple levels of design detail.
The cost assessment for ULSAB-AVC considered four vehicle subsystems in varying levels of details: These were the body (which includes the body structure as well as all of the interior trim components), the electrical system, the powertrain and the chassis. The cost data collected for each of the systems were thought to be only initial cost estimates. Actual supplied purchase prices were likely to be less, due to supplier negotiations and savings which could be achieved through simultaneous engineering. A total savings of roughly 5% for these items was subtracted from the total in order to more accurately represent the cost of producing this vehicle.
PAINT & TRIM LINES
To determine the complete vehicle manufacturing cost, it was also necessary to address issues such as the painting of the vehicle and the general assembly or trim line processes. Technical cost models were constructed to address the costs of these operations. For the paint line, the model considered the costs associated with cleaning, e-coat, primer, sealer, basecoat and clearcoat application as well as rework. Industry data was used to estimate the investments needed in each of these areas as well as the materials consumed and laborers required. The cost model used this information to generate cost estimates for painting the body structure and closures.
A general assembly or trim line model was constructed to address the costs of incorporating all of the various vehicle subsystems into the final product. For each component and subsystem in the vehicle, its position in the assembly sequence and the time to install it in the vehicle were estimated. These data were then used to estimate the number and type of assembly stations needed and their investment levels and manpower requirements. The technical cost model then used this data to compute the vehicle assembly cost.
ULSAB-AVC Manufacturing Costs
Cost analyses were conducted for two different ULSAB-AVC designs, one representing a North American Midsize vehicle (referred to PNGV-type) and another for the European C-Class. Results are shown here only for the PNGV-type vehicle, but similar results were obtained for the C-Class vehicle.
The cost of manufacturing ULSAB-AVC was estimated at $9500 (excluding logistics considerations). A cost breakdown is given in Figure 4 . Nearly $1400 is incurred in the automotive assembly plant (assembly total), and approximately $900 (parts fabrication for body structure and closures) is incurred in the automotive stamping plant. The remaining cost results for the complete supply chain are typically manufactured outside of the automakers facilities.
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Figure 4: Manufacturing cost breakdown for ULSAB-AVC (PNGV) excluding logistics
The costs for the parts fabrication can be further broken down by the major subsystems that were considered in this design. This breakdown is shown in Figure 5 .
Once again, Figure 5 shows that the majority of the costs arise from the parts that are purchased by the automaker, rather than the body components fabricated within the automobile manufacturer's metal fabrication facilities.
The cost of the various assembly operations that were estimated at approximately $1400 can also be further broken down according to figure 6 . The cost of assembling the vehicle body structure and closures accounts for approximately one third of the total. The paint line and general assembly/trim account for the rest.
While the assembled body structure and closures account for a relatively small portion of the total vehicle cost, it is in these areas that the ULSAB-AVC program aimed to achieve most of its goal of vehicle lightweighting. Much of the remainder of the vehicle was unchanged, although there were some important redesigns concerning powertrain and aerodynamics. Consequently, it is useful to further investigate the details of the cost of producing the lightweight steel body structure and closures. The total cost for the assembly body structure is estimated at $972 and the set of closures at $383. These figures are both in line with current estimates of the cost of producing comparable automobile body structures. Figure 7 provides the cost of producing the body structure and closures broken down by process technology. It is interesting to note the large extent to which innovative process technologies are used in each of these. For example, the body structure makes extensive use of tailor blanks and tubular hydroformings, while the closures use a large degree of both tubular and sheet hydroformings.
While these process technologies have often been thought to be quite costly, the overall cost of the body structure is comparable to existing vehicles. This is a result of the savings provided by these technologies in terms of reduced part count and assembly costs.
BODY STRUCTURE COST COMPARISON
The previously designed ULSAB vehicle used a virtual reference vehicle for a cost comparison. This "reference vehicle" represented a conventional body design, with costs assessed with the same assumptions used on the ULSAB design. The reference structure was comprised mainly of mild steel and did not utilize advance processes such as laser welded blanks and tubular hydroforming. Figure 8 provides a comparison between the reference vehicle, ULSAB and ULSAB-AVC body structures. The comparison indicates little cost change with regard to total body cost. The ULSAB-AVC body structure cost is estimated at $972, compared to $947 for the ULSAB and $979 for the reference vehicle. Figure 8 compares the costs of the fabrication and assembly of the three structures.. The raw material costs of the ULSAB-AVC are 13% higher than the ULSAB and 29% higher than the reference vehicle. (see figure 3) . The influence of the higher material costs can be seen in that the mass of the ULSAB-AVC is only 7% greater than ULSAB. The added cost of materials, as one transitions from the reference vehicle to ULSAB-AVC, are substantially offset by the advantages provided in conversion costs, which are 15% less for ULSAB-AVC compared to ULSAB. This advantage in conversion costs is a result of the substantial consolidation of parts. The ULSAB-AVC comprises of 81 components compared to the ULSAB's 96 components and the reference vehicle's 136 components.
. As stated, the consolidation of parts is a significant contributor to the cost effectiveness of the ULSAB-AVC body structure design. This advantage is made possible by effective design and advanced manufacturing processes, which are, in turn, made possible by the remarkable properties provided by the AHSS as the enabler. Effective design requires a compromise/balance between part shape, formability, crash energy management capability and cost. Conventional HSS grades restrict component complexity with severe limits in formability. This limitation is often compensated for by breaking structures into more components to satisfy the weight, packaging and performance goals. This increase in part count results in a significant cost penalty to the body structure manufacturing process. The advanced high strength steel grades provide significant opportunity in body structure design, as they are significantly less restrictive with regard to formability. This allows the designer greater latitude to optimize part shape and to consolidate components while simultaneously placing the high strength materials where they are most effective for the performance of the vehicle.
BODY STRUCTURE -CONCLUSION
The ULSAB program results demonstrated a 25% mass reduction at no cost relative to the average of 32 benchmark vehicles and the reference vehicle of the same class. This mass saving was achieved with design, advanced manufacturing and use of high strength steels. Since the launch of the ULSAB design, use of HSS has increased dramatically in current vehicle designs and auto manufacture's are beginning to realize the mass advantages provided by HSS and demonstrated by the ULSAB program.
Based on the comparison made in this paper, it is concluded that ULSAB-AVC demonstrates a 20% mass reduction at no cost relative to the vehicles benchmarked in the ULSAB program. This is accomplished while also meeting the anticipated crash requirements for 2004, which are dramatically more severe than the crash requirements for which the benchmark vehicles were designed.
FULL VEHICLE AFFORDABILITY
The start of the ULSAB-AVC program was initiated, in part, in response to the preliminary findings of "The Partnership for a New Generation of Vehicles" (PNGV). The targets of the PNGV program, in summary, are to develop a five-passenger sedan that achieves: 1) Up to 80 mpg fuel economy 2) FMVSS crash performance.
3) Interior volume of a mid-size 5 passenger vehicle. 4) The same costs as a current mid-size 5 passenger vehicle. Preliminary PNGV reports placed heavy emphasis on light weighting materials other than steel for the major structural components such as closure and body structure. This emphasis on alternative materials (aluminum and plastics) was realized with the three concept vehicle presented by the auto makers. This section of the paper provides a comparison of the full ULSAB-AVC and the three PNGV vehicles presented by the automakers.
Earlier discussions in this paper present the detailed cost modeling used to establish a fabrication and assembly cost of the ULSAB-AVC steel components. The costs predicted in the model have a high level of confidence in accuracy (within the constrains of the assumptions used in the model.) Purchased component costs, which make up a much higher percentage of the total vehicle cost, were obtained by leading tier one manufacturers. However, these estimates were obtained in a non-program specific and non-competitive environment. These costs do not represent the same level of accuracy as the costs modeled for the steel components and are conservative.
The manufacturing costs of the ULSAB-AVC (PNGV) are predicted by the model to be $9,500 for the gas and $10,200 for the diesel version. It is difficult to estimate the affordability of these manufacturing costs. Manufacturing costs of the automakers are closely guarded and there is no comparison data in the public domain.
The approach to demonstrate affordability by the ULSAB-AVC program is to perform a selling price comparison of the ULSAB-AVC against similar-sized and equipped vehicles. This is accomplished by obtaining a MSRP for ten current production mid-size five passenger sedans. In addition, estimates of the predicted selling price of three PNGV vehicles are obtained from figures reported in the press. Details of this study are provided in the appendix of reference [2] .
It then remains to estimate the selling price of the ULSAB-AVC. Manufacturing costs are only a portion of the total retail price of a vehicle. Additions are logistics costs, engineering and development costs, warranty costs, marketing and sales costs, automaker overhead and profit; and dealer overhead and profit. Logistics costs are estimated to be between 6 and 8% over the manufacturing costs.
Several estimates of the relationship between manufacture are provided in reports cited in reference [6] . These references include Argonne National Laboratory, OTA (Office of Technology Assessment) and Borroni-Bird. It is recognized that automakers have different overhead cost structures and different strategies for pricing. Consequently, it is expected that overhead estimates will represent a broad range and indeed, the reference data indicates that overhead is in the range of 50% to 100% of the manufacturing and logistics costs.
Based on the information available, a conservative estimate for the selling price will be based on the 8% logistics costs and the 100% overhead.
Selling price = Manufact. cost * Logistics * Overhead = Manufact. cost * (1.08) * (2.00)
This calculation provides a conservative selling price of $20,500 for the ULSAB-AVC gasoline version and $22,000 for the diesel version. Figure 9 compares the estimated selling price of the comparison vehicles with the fuel economy. Figure 10 compares the vehicles for fuel economy, curb weight, selling price and crash performance. It is noted that ULSAB-AVC utilizes more conventional technology such as steel manufacturing and internal combustion engines. The three PNGV solutions utilize alternative material manufacturing and The ULSAB-AVC study demonstrates that fuel efficient vehicles, that meet 2004 crash requirements can be affordably produced with steel.
SUMMARY
The requirements on the automotive industry to continually improve vehicle safety and fuel economy while reducing the costs and environmental footprint are the driving factors in automotive design and material selection. These requirements are conflicting in nature and solutions will be realized by innovative design, advanced material processing and advanced materials. Advanced high strength steels are engineered materials that provide a remarkable combination of formability, strength, ductility, durability, strain-rate sensitivity and strain hardening characteristics essential to meeting the requirements of automotive design. These characteristics act as enablers to the design and manufacturing aspects of the process. Increased Cost and mass are the primary concerns of simultaneously achieving the increased safety and fuel economy goals. The ULSAB-AVC program demonstrates a solution to these conflicting requirements and the advantages advanced high strength steels.
Like the ULSAB program, ULSAB-AVC is a predictor of the material content of future body structures.
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